tion (C-reactive protein, p = 0.007), and a few modest relations between inflammatory markers and neuropsychological change, particularly for executive functioning (TNF-␣ , p = 0.004). Secondary analyses suggested that inflammatory markers were cross-sectionally (TNF-␣ , p = 0.004) related to reading performance. Conclusions: Our findings are largely negative, but suggest that specific inflammatory markers may have limited associations with poorer cognition and reading performance among community-dwelling adults. Because of multiple testing concerns, our limited positive findings are offered as hypothesis generating and require replication in other studies.
matory cytokines predict incident stroke [5] and rise during acute stroke [6] .
Though findings are mixed [7] [8] [9] , some research has found that elevated inflammatory markers, including interleukin-6 [9] [10] [11] [12] [13] , C-reactive protein (CRP) [9, 10, 14] and intercellular adhesion molecule-1 (ICAM1) [13] , are associated with cognitive impairment. The purported mechanism accounting for past findings is that enhanced inflammatory processes are associated with the pathophysiology underlying cognitive decline (i.e. early AD or cerebrovascular changes).
The purpose of our study was to relate a large panel of systemic inflammatory biomarkers to detailed neuropsychological performances in a community-based cohort free of clinical dementia or stroke. Executive functioning measures are sensitive to cerebrovascular disease [15] , and memory tests capture early AD neuropathology [16, 17] . Therefore, we hypothesized inflammatory biomarkers would be most strongly associated with cross-sectional performances and longitudinal changes in memory and executive functioning relative to language and visual integration performances.
Methods

Participants
The Framingham Offspring Study design and selection criteria have been described elsewhere [18] . Briefly, 5,124 participants were recruited in 1971 and have been examined every 4-8 years since. From 1999 to 2004, participants who attended the seventh Offspring examination cycle (n = 3,539; 1998-2001) were invited to participate in an ancillary neuro-study, of which 2,208 enrolled. Participants with neurological conditions (e.g. dementia, clinical stroke, multiple sclerosis) were excluded from the present study (n = 62). Of 2,146 eligible participants, individuals were further excluded if they underwent physical examination off-site (n = 65), lacked blood samples (n = 11), all neuropsychological tests of interest (n = 6) or covariate data (n = 29), or they did not have all 11 inflammatory markers measured (n = 157). A twelfth marker, tumor necrosis factor-␣ (TNF-␣ ) was measured in a smaller sample later in the examination cycle. After exclusions, 1,878 participants were included, 1,393 of whom had TNF-␣ data. Between 2005 and 2007, 1,352 participants returned for a repeat neuro-study visit, 1,213 of whom had TNF-␣ data from the seventh offspring examination cycle (see fig. 1 for details). The Boston University Medical Center Institutional Review Board approved the protocol. Participants provided written informed consent prior to examination.
Clinical covariates were classified at the seventh examination cycle. Systolic and diastolic blood pressures were the means of two measurements. Current smoking (yes/no within the year prior to examination seven) and medication use were ascertained by selfreport. Diabetes mellitus was defined as previous/current fasting blood glucose 6 126 mg/dl or previous/current use of oral hypoglycemic or insulin. Prior cardiovascular disease (CVD; i.e. coronary heart disease, heart failure, intermittent claudication) information was obtained via medical histories and physical examinations conducted by the study and hospitalization and personal physician records. Three investigators adjudicated CVD events using reported criteria [19] .
Neuropsychological Protocol
As previously described [20] , participants completed a protocol based on measures administered to the original cohort over 25 years ago. Though newer versions of some tests exist, the study continues to use the Original versions to capitalize on the longitudinal nature of the Framingham Heart Study, allowing for temporal trend and cross-generational cognitive comparisons. In more recent examinations (1999 onward), tests were added to assess cognitive domains not adequately captured by the original protocol. A description of measures is provided in table 1 .
Inflammatory Markers
At cycle examination seven, 11 biomarkers (plus TNF-␣ on a subset) were measured representing a variety of pathways and phases of the inflammatory process [21] . The biomarkers and inflammatory pathway or phase assessed included: plasma CD40 ligand (inflammation, thrombosis), lipoprotein-associated phospholipase A 2 (Lp-PLA 2 ) activity and mass (oxidative stress), os- teoprotegerin (endothelial integrity, calcification), P-selectin (inflammation, cell adhesion), TNF receptor-II (TNFRII; cytokines) and TNF-␣ (cytokines), and serum CRP (acute phase reactant), ICAM1 (selectins), interleukin-6 (acute-phase reactant), monocyte chemoattractant protein-1 (MCP-1; chemokines), and myeloperoxidase (oxidative antimicrobial defense). The intra-assay coefficients of variation were: CD40 ligand 4.4%, interleukin-6 3.1%, ICAM1 3.7%, Lp-PLA 2 activity 7.9% (low) to 5.9% (high), LpPLA 2 mass between 6.0 and 8.0%, MCP-1 3.8%, myeloperoxidase 3.0%, osteoprotegerin 3.7%, P-selectin 3.0%, TNF-␣ 7.6% (low control) to 5.6% (high control), and TNFRII 2.3%. The kappa statistic for 146 CRP samples run in duplicate was 0.95 [22] .
Statistical Analyses
All inflammatory markers and a subset of neuropsychological scores (i.e. Trail making test part B minus part A, Boston naming test-30 item, Hooper visual organization test) were natural logtransformed to normalize distributions for analyses.
As previously described [23] , neuropsychological scores were adjusted for age and education, separately by sex, to enable comparison across measures. Resulting values were standardized, separately by sex, to a mean of 0 and a standard deviation of 1 (i.e. values were transformed to represent standard deviation units from the mean).
Multiple investigative groups have related different markers to individual neuropsychological measures [for example, see 9 , 10 ]; so, to allow cross-study comparisons, we used multivariable regression to assess the covariate-adjusted relations of each logtransformed inflammatory marker and individual neuropsychological test. Secondary analyses were conducted to assess effect modification of the cross-sectional relations by sex and age ( ! 60 vs. 6 60 years based on the sample median and prior work [23, 24] ). We used multivariable regression to analyze the covariateadjusted linear relations of each log-transformed inflammatory marker to annualized change in neuropsychological test performance over the follow-up period, which was computed as the unstandardized, untransformed neuropsychological measure from the beginning to the end of the follow-up period, divided by the number of years in the follow-up period. Neuropsychological tests were broken down into two categories, based on our a priori hypotheses. Primary measures hypothesized to have significant relations with the inflammatory markers consisted of memory (logical memory, visual reproduction) and executive function tests (Trail making test part B minus A, Similarities). Secondary measures consisted of language (Boston naming test-30 item), reading (WRAT-3 reading, a proxy measure for education quality [25] [26] [27] or cognitive reserve [28, 29] ) and visual integration tests (Hooper visual organization test) that we did not expect to be strongly associated with the inflammatory markers.
Covariates were selected a priori based on prior work [24, [30] [31] [32] and included age, sex, education, systolic blood pressure, diastolic blood pressure, body mass index, total/high-density lipoprotein cholesterol, current smoking, fasting glucose, triglycerides, diabetes, hypertension treatment, hormone replacement therapy, lipid-lowering treatment, aspirin (at least 3 days per week), nonsteroidal anti-inflammatory drugs, atrial fibrillation, and prevalent CVD. Measures delayed learning and memory for contextual information contained in two paragraph-length stories.
0-24
Visuospatial memory WMS visual reproductions delayed recall [45] Test of delayed learning and memory for novel shapes and designs.
0-14
Executive functioning
Trail making test, part B minus part A [46] Measures sequencing reflected as a difference score between a visual scanning measure (part A) and set-shifting abilities through the alternation of connecting numbers and letters (part B); higher scores denote worse performance.
-360 to 360 a Language BNT-30 item [47] Assesses naming and lexical retrieval abilities via an abbreviated version of the original 60-item BNT.
0-30 Visuoperceptual abilities
Hooper visual organization test [48] A measure of object recognition; participants mentally rearrange pieces of objects to identify the target stimulus.
0-30
Verbal reasoning WAIS similarities subtest [49] A measure of verbal reasoning and abstraction.
0-26
Reading WRAT-3 reading subtest A measure of reading for words with irregular sound-tospelling correspondence.
0-57
a Possible range for both Trail making test part A and part B is 360 s, so the difference score between these measures could range from -360 to 360 s. WMS = Wechsler Memory Scale, BNT = Boston Naming Test, WAIS = Wechsler Adult Intelligence Scale, WRAT = Wide Range Achievement Test.
To modestly account for multiple testing, we a priori selected p ! 0.01 to declare a significant linear relation as a balance between an overly conservative versus a more liberal approach for cross-sectional and longitudinal research. p values between 0.05 and 0.01 were considered borderline results. Data were analyzed using SAS version 9.1 (SAS Institute Inc., Cary, N.C., USA).
Results
Participant Characteristics
Sample characteristics are provided in table 2 . The participants' mean age was 60 8 9 years (35-85 years). Median and 25th to 75th percentile data are provided in table 3 for the untransformed inflammatory markers and the raw neuropsychological performances. Time to follow-up was 6.3 8 1.0 years.
Inflammatory Markers and Cross-Sectional Performances
Inflammatory markers were unrelated to cross-sectional performances in learning, memory, information processing, and executive functioning ( table 4 ) . A few unexpected associations emerged between inflammatory markers and language (naming and verbal reasoning), visual integration, and reading performances ( table 4 ) . Specifically, associations were observed between CRP and Hooper visual organization test ( ␤ = -0.06, p = 0.007) and TNF-␣ and WRAT-3 reading performance ( ␤ = -0.68, p = 0.003). Two inflammatory markers were borderline significant in relation to Hooper visual organization test, including MCP-1 ( ␤ = -0.15, p = 0.04) and TNF-␣ ( ␤ = -0.11, p = 0.04). Two inflammatory markers were borderline significant in relation to WRAT-3 reading, including myeloperoxidase ( ␤ = -0.39, p = 0.02) and TNFRII ( ␤ = -0.79, p = 0.03). To gain a sense of the magnitude of the cross-sectional association, the TNF-␣ and WRAT-3 reading performance result is used as an example. WRAT-3 reading performance decreased, on average, by 0.68 per increase of one in log TNF-␣ ( table 4 ), a magnitude similar to the mean decrease in WRAT-3 reading performance seen with an increase in age of approximately 10 years, as can be shown in a multivariable regression using the same covariates.
Effect Modification for Cross-Sectional Neuropsychological Performances
For WRAT-3 reading performance, there was a borderline significant interaction between sex and myeloperoxidase (p = 0.07). For Hooper visual organization test performance, there was a borderline significant interaction between sex and CRP (p = 0.04). In both cases, the direction of the marker effect for each sex was the same as that for both sexes combined, signifying that increasing inflammatory concentration was associated with lower neuropsychological performance. However, the magnitude of effect was larger for males than females, and the magnitude was also statistically significant for males but not for females. No other inflammatory markers manifested significant effect modification for the neuropsychological tests. A few unexpected associations emerged for language, including naming and verbal reasoning ( table 5 ) . Specifically, borderline associations were observed between CRP and change in Boston naming test-30 item ( ␤ = -0.02, p = 0.04), between myeloperoxidase and change in similarities ( ␤ = 0.06, p = 0.03), and between TNF-␣ and change in similarities ( ␤ = -0.08, p = 0.046).
Inflammatory Markers and Longitudinal Neuropsychological Performances
To gain a sense of the magnitude of the association between inflammatory markers and annualized change in neuropsychological performances, the association between TNF-␣ and the annualized change in Trail making test part B minus part A is used as an example. The annualized change in Trail making test part B minus part A increased on average by 0.04 per increase of one in log TNF-␣ ( table 4 ), a magnitude similar to the mean increase in annualized change in Trail making test part B minus part A seen with an increase in age of approximately 4 years, as can be shown in a multivariable regression with the same covariates.
Discussion
The present research represents a valuable benchmark study of cross-sectional and longitudinal inflammatorycognitive relations, as the comprehensive dataset under examination provides robust, hypothesis-driven comparisons across numerous inflammatory markers and cognitive measures. The analytical plan implemented minimizes the potential positive publication bias of reporting isolated significant relations between one inflammatory marker and cognitive performances.
Specifically, we cross-sectionally and longitudinally examined a comprehensive panel of twelve inflammatory markers in relation to multiple neuropsychological performances in our community-based cohort free of clinical dementia or stroke. A conservative multiple testing adjustment applied to the current results would render all comparisons non-significant. Therefore, we applied a more modest adjustment, based on hypothesis-driven comparisons (i.e. primary vs. secondary neuropsychological variables of interest), and found relatively few significant associations. Cross-sectionally, CRP was significantly associated with a measure of visual integration, and MCP-1 and TNF-␣ were borderline associated with visual integration. Longitudinally, TNF-␣ was related to change in executive functioning, while CD40 ligand, myeloperoxidase, and TNFRII were borderline associated with executive functioning decline. Several additional borderline associations emerged, including myeloperoxidase and TNF-␣ in relation to verbal reasoning decline and CRP in relation to lexical retrieval decline. Our analyses are largely negative, and overall, findings suggest that within a relatively healthy community-dwelling sample with a wide age range, inflammation has a very limited association with cognitive impairment as contrasted with prior studies leveraging older cohorts [9, 10, 13, 14] . Multiple mechanisms may account for the previously reported inflammatory marker-cognitive relations [9, 10, 13, 14] and the very minimal cross-sectional and longitudinal associations reported here (assuming the associations are valid). First, animal models suggest inflammation may mediate pathophysiological processes affecting the central nervous system (CNS), including neuronal changes, astrocytosis, and proliferative angiopathy [33] . Inflammation is believed to play a role in conditions associated with advancing age known to impact CNS integrity, including cardiovascular [34] , neurodegenerative [3, 4] , and cerebrovascular diseases [5, 6] . Thus, multiple pathways may account for relations between inflammation and CNS injury, which is consistent with the diverse neuropsychological associations observed in the current study (e.g. visual integration, executive functioning, verbal reasoning) and prior work [9, 10, 13, 14] . Specifically, those cognitive functions modestly related to inflammatory markers in the current study are subserved by multiple and varied neuroanatomic structures [17, [35] [36] [37] . Therefore, inflammatory markers may affect global brain function, rather than just one specific neuroanatomic structure, which is consistent with prior work linking enhanced inflammatory markers to decreased total brain volume [24] .
A novel but preliminary finding of the present study was that some inflammatory markers (including TNF-␣ , myeloperoxidase, and TNFRII) were modestly related to cross-sectional WRAT-3 reading performance. Reading performance is a purported marker of educational attainment [38] and education quality [25] [26] [27] . Significant relations have been reported between educational attainment and inflammatory markers, including CRP [39] [40] [41] , interleukin-6 [39] , ICAM1 [39] , and MCP-1 [39] . Our preliminary findings extend prior work by demonstrating similar associations between inflammatory markers and a proxy measure of education quality (i.e. WRAT-3 reading subtest [25] [26] [27] ). Mechanisms accounting for relations between inflammatory markers and the WRAT-3 reading subtest may include the higher prevalence of CVD [42] and poor health behaviors, such as smoking [43] , among those with lower education levels.
The present findings must be considered in the context of some limitations. As mentioned above, we examined numerous models with multiple testing, raising the strong possibility of false positive findings. A strict Bonferroni correction for multiple testing would have rendered all findings statistically non-significant; however, because of the correlated nature of the markers and the neuropsychological tests, a strict Bonferroni correction might be too conservative. We acknowledge that our findings will need to be further replicated in the literature, particularly the association between inflammatory markers and reading performance. Second, the racial composition of the Framingham Offspring Study is predominantly white of European descent ( 1 99%) and the participants were middle-aged to elderly, so the generalizability of the current results to other races, ethnicities, and age groups is unknown. Third, exclusion of institutionalized individuals and participants with clinical stroke and dementia resulted in a healthier sample, reducing the likelihood of detecting relations that may be present in the general population or in prior inflammatory-cognitive studies emphasizing older cohorts [7-11, 14, 44] . Reliance on older neuropsychological measures may also be a limitation. Also, by adjusting the neuropsychological variables a priori for age, sex, and education and including age, sex, and education as covariates, we may have 'over-adjusted' our models; however, we analyzed the data with and without the demographic covariates, and the findings were similar (data not shown). Finally, by accounting for multiple potential confounders, we may have 'over-adjusted' our models, as inflammation may predispose to neuropsychological impairment through intermediate mechanisms, such as hypertension, diabetes, and other risk factors.
Despite these limitations, our study has a number of strengths, including the large community-based cohort without clinical dementia or stroke, the broad participant age range spanning multiple decades, concurrent examination of twelve inflammatory biomarkers, comprehensive ascertainment of potential confounders, and stringent quality control procedures for the acquisition and measurement of inflammatory biomarkers and longitudinal neuropsychological variables. From a conservative standpoint, our positive findings may be viewed as hypothesis generating. If the modest positive inflammatory marker and neuropsychological relations reported here are replicated in external cohorts, they may provide evidence linking inflammation with visual integration, executive functioning, and reading performance.
